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Microbial pathogen contamination is a leading cause of impairment for urban rivers and streams in Michigan.
Reports on the ability of green infrastructure best management practices to remove microbial pathogens have
been highly variable. This study evaluated the influence of a detention basin (Kreiser Pond) on microbial dy
namics in the Plaster Creek watershed in West Michigan. High levels of fecal indicator bacteria and coliphage
were documented in influent and effluent water, with significant increases in indicator microbe concentrations
during storm events. In dry conditions, Kreiser Pond efficiently reduced the number of indicator microbes
flowing through the basin. Rainfall volume had a greater influence on the diversity of bacteria than sampling
location. Antibiotic resistance was prevalent in culturable E. coli from Kreiser Pond, demonstrating a potential
public health risk and highlighting the need for identifying the ultimate sources of microbial pollution.

1. Introduction
Stormwater runoff from rain events poses physical, environmental,
and health hazards to urban communities. Urbanization has led to an
increase in impervious surfaces and has been shown to increase chem
ical pollutants, toxicants, and microbes flowing from these surfaces into
local waterways (Brabec et al., 2002; Falbo et al., 2013). Water volume
surges can lead to erosion and high sediment levels in surface waters. An
increase in stormwater runoff has also been correlated with increases in
fecal indicator bacteria (FIB) in local water sources (Liao et al., 2015;
Ahmed et al., 2019). FIB such as E. coli and other coliform bacteria may
enter urban waterways from septic tank leaks, stormwater runoff, or
wildlife and domestic animal waste and can pose significant health risks
for communities through which the contaminated water flows (Marsalek
and Rochfort, 2004). FIB are also correlated with high levels of addi
tional human pathogens, such as viruses and protozoan parasites and

large precipitation events have been associated with increases in
waterborne illnesses (Curriero et al., 2001). FIB are routinely quantified
in surface water as indicators of potential health impacts, and elevated
FIB concentrations are a primary cause of surface water impairment in
the United States (“Water Quality Assessment and TMDL Information|
US EPA,” 2017). Bacteriophage prevalence has also been correlated with
human enteric viruses such as norovirus and human adenovirus and is
another useful microbial indicator of pathogen pollution (Dias et al.,
2018). Pathogen pollution is currently the third leading cause of
impairment for rivers and streams in Michigan, with over nine thousand
miles of rivers and streams impaired by FIB (“Michigan Water Quality
Assessment Report | US EPA,” n.d.). For this reason, Michigan has set a
water quality standard for acceptable levels of E. coli in surface waters of
the state, with a daily maximum for partial body contact of 1000 E. coli
per 100 mL of water. Stormwater runoff has been shown to regularly
exceed this level of E. coli in many of Michigan’s urban waterways
(Resources Division, 2019).
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Stormwater Best Management Practices (BMPs) are increasingly
being used to mitigate the negative effects of stormwater runoff in urban
communities. Structural BMPs, some of which are classified as green
infrastructure, are designed for a number of purposes, depending on the
volume and characteristics of water flow during storm events in a spe
cific region (Deeb et al., 2018). BMPs provide a combination of physical,
chemical and biological processes that contribute to the removal or
transformation of pollutants, decreasing their prevalence downstream.
Significant increases in FIB have been noted during wet weather con
ditions compared to dry weather conditions (Liao et al., 2015; Ahmed
et al., 2019). The ability of BMPs to eliminate this dangerous microbial
challenge remains unclear (Clary et al., 2008; Ahmed et al., 2019).
Though some studies have demonstrated that BMPs decrease the con
centration of FIB (Karim et al., 2004; Karpiscak et al., 1996; Gannon
et al., 2005; Kadlec and Knight, 1996; Struck et al., 2008; Davis et al.,
2009), others have documented situations where BMPs act as a source,
rather than a sink for FIB (Serrano and DeLorenzo, 2008; Wolfand et al.,
2018; Clary et al., 2008). This variability is likely due in part to the
diversity of BMP designs and may also reflect animal sources of FIB
within the BMP. It has been suggested that during a storm event, tur
bulent water may release FIB and bacteriophage that were previously

Abbreviations
FIB
BMPs
ARGs
US EPA
LF
RCP
Cfs
E. coli
TMDL:
GIS
SAL:
PFU
RCP
TSB

fecal indicator bacteria
best management practices
antibiotic resistance genes
United States Environmental Protection Agency
linear feet
reinforced concrete pipe
cubic feet per second
Escherichia coli
Total Maximum Daily Load
Geographic Information System
Single Agar Layer
Plaque Forming Units
Reinforced Concrete Pipes
Tryptic Soy Broth

Fig. 1. Location of Kreiser pond Sampling Sites. (A) Aerial view of Kreiser pond. KP1, KP2, and KP3 represent the three locations sampled in this study. Water
flow begins at KP1 from two 24′′ reinforced concrete pipes (RCP). Water flows towards KP2 where more incoming water enters the pond through a single 54′′ RCP.
Flow moves around the horseshoe channel to the outlet structure KP3. (B) Aerial view of the Kreiser pond drainage area. The star denotes the location of Kreiser
Pond. Land-use within the 51.42-ha drainage area is predominately low-intensity, residential development. (C) Location of Kreiser pond in the Lower Peninsula of
Michigan. Kreiser pond is located within the city of Grand Rapids in Kent County. Michigan is highlighted in gray on the inlay map of the United States.
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sequestered within BMP sediment (Struck et al, 2007, 2008, 2007;
Karim et al., 2004). Indeed, elevated suspended solids are often
observed during storm events and E. coli is frequently bound to sediment
particles that can be resuspended from stream bottoms and transported
downstream (Jamieson et al., 2005; Falbo et al., 2013; Krometis et al.,
2007).
In addition to microbial contaminants, metagenomic analyses have
identified the presence of antibiotic resistance genes (ARGs) in surface
waters (Liu et al., 2019). A small number of studies have demonstrated
an increase in ARG levels in urban BMP waters following storm events
(Baral et al., 2018a, 2018b). These findings signal the possibility that
storm events spread antibiotic resistance through environmental mi
crobial communities, which could elevate public health risks. Moni
toring FIB and ARGs is an important aspect of maintaining the health of
aquatic environments, mitigating negative public health effects, and
understanding the function of BMPs. However, such monitoring is not an
effective way to understand the microbial community structure of an
aquatic environment and may miss significant variations in the micro
bial milieu (Joyner et al., 2019). For example, significant restructuring
of microbial communities has been noted in proximity to effluent from
wastewater facilities, suggesting that water runoff from urban commu
nities may also affect microbial community structure (Hladilek et al.,
2016).
The Plaster Creek watershed in Kent County, Michigan, a roughly 58square-mile region, contains several bodies of water listed as “contam
inated” by the US EPA (“My Waterway,” n.d.). Section 303(d) of the
federal Clean Water Act and the United States Environmental Protection
Agency’s Water Quality Planning and Management Regulations require
states to develop Total Maximum Daily Loads (TMDLs) for waterbodies
that are not meeting Water Quality Standards (US EPA, n.d.). This was
done for Plaster Creek in 2002 (Total Maximum Daily Load for Escher
ichia Coli in Plaster Creek, 2002). The report mentioned part of the
watershed containing residential, industrial, and light commercial land
that drains into Silver Creek, one of two main tributaries of Plaster Creek
as a location containing four combined sewer outflows, to be eliminated
by the year 2019. The majority of the approximately 4-mile waterway of
Silver Creek was relocated underground in the 1940s. An in-line
detention basin named Kreiser Pond was installed in the Silver Creek
sub-watershed to reduce stormwater runoff volume and relieve pressure
in the storm sewers during major rain events. Detention ponds are a
widely used BMP for this purpose and have proven an efficient method
of reducing downstream stormwater runoff, erosion and pollutant flow.
However, the effect of this BMP installation on the significant microbial
pollution observed in the Plaster Creek watershed had not been assessed.
We evaluated the influence of the Kreiser Pond detention basin on
microbial population dynamics and community structure. Given that
peak FIB concentrations are typically observed during summer months
(Schnabel et al., 2010) and the public health impacts of urban storm
water runoff are of particular interest during times when water-related
recreational activities are most common (Hathaway and Hunt, 2012),
samples were collected from June to August in the years 2018 and 2019
(Table S1). This study provides microbial characterization of influent
and effluent water collected at Kreiser Pond during both dry-weather
and wet-weather conditions. E. coli, total coliform, F + RNA coli
phage, and somatic coliphage levels were analyzed as indicators of
pathogen presence. 16 S rRNA gene amplicon sequencing was used to
describe the bacterial community and determine the effects of this BMP
on bacterial community structure. Antibiotic resistance was explored in
culturable E. coli. Studies like this that analyze the effect of BMPs on
indicator microbe levels and the microbial community structure are
important to ensure that BMP installations are not further contributing
to harmful microbial watershed contamination. This work will aid in the
informed planning of future BMP installations in the Plaster Creek
watershed as well as other urban residential stormwater detention
ponds.

2. Materials and methods
2.1. Sampling sites
Samples were collected from two inlets and one outlet of Kreiser
Pond (42◦ 56′ 23.5′′ N 85◦ 37′ 15.0′′ W) (Fig. 1a). Inlet samples were
collected directly from inlet pipes, as these were above the water level of
the pond. Outlet samples were collected from water in the outlet
structure of KP3. When water levels were below the level of the outlet,
KP3 water samples were collected from water directly in front of the
outlet structure.
2.2. Water collection
Triplicate grab samples were collected from sampling sites in 500-mL
sterile polypropylene bottles and transported directly to the lab for
processing. Water samples were stored at 4 ◦ C within 1 h of collection
and were processed within 24 h of collection.
2.3. GIS
The drainage area for Kreiser Pond and average surface impervi
ousness within the drainage area were determined using a Geographic
Information System. Albers equal area conical projection was used for
all geospatial data to minimize area distortion. Drainage area was esti
mated using the Hydrology toolset of ArcMap (version 10.4.1; ESRI,
Redlands, CA, USA). Flow direction and accumulation were determined
based on a 1-m resolution digital elevation model (created using 3D
Elevation Program dataset; courtesy of the U.S. Geological Survey,
Reston, VA, USA). The Watershed tool (NHD Watershed Tool) was used
to delineate the drainage area for Kreiser Pond. The pour point was set to
the point of highest flow accumulation within 15 m of the outlet
structure. Percent imperviousness within the drainage area was extrac
ted from the 2016 National Land Cover Database Percent Developed
Imperviousness raster (30-m resolution; Homer et al., 2020), using the
raster R package (version 3.3–13; Hijmans, 2020).
2.4. E. coli and total coliform enumeration
Samples were collected and processed for fecal coliform bacteria and
E. coli enumeration following the protocols of the U.S. Environmental
Protection Agency (Method 1604: Total Coliforms and Escherichia coli in
Water by Membrane Filtration Using a Simultaneous Detection Tech
nique (MI Medium), 2002). Water samples were diluted 10, 100, and
1000 X in working solution (0.3112 mM KH2PO4, 0.1995 mM MgCl2,
pH 7.2) and filtered through a sterile 0.45 μm membrane filter (Hach).
Filters were incubated on MI agar for 16–20 h. E. coli were differentiated
by color and counted. Total coliform bacteria were enumerated under
UV light. A positive control (E. coli) and a negative control (working
solution) were run before and after each set of samples processed.
2.5. Coliphage enumeration
Samples were collected and processed for coliphage enumeration
following the protocols of the U.S. Environmental Protection Agency
(Method 1602: Male-specific (F+) and Somatic Coliphage in Water by
Single Agar Layer (SAL) Procedure, 2007). Water samples were mixed
with tryptic soy agar (TSA) containing either Famp (ATCC 700891) or
CN-13 (ATCC 700609) E. coli. Plaque forming units (PFU) were
enumerated after 24 h. Negative controls (reagent grade water) and
positive controls [MS2 (ATCC 15597-B1) with Famp E. coli and PhiX174
(ATCC 13706-B1) with CN-13 E. Coli] were run alongside each set of
samples.
3
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2.6. Statistics

Table 1
Indicator Microbe Reductions Under Dry and Wet Conditions. Concentra
tions of indicator microbes were measured in influent and effluent water under
dry and wet weather conditions. The percent reduction from influent to effluent
water was calculated for inlet and for each date due to high variability. For each
inlet, the percent reduction was calculated for each indicator microbe (see
Tables S2-5). For each indicator microbe, sampling dates were scored as either a
positive or negative reduction. A positive reduction was a date where there was a
positive reduction for both KP1 and KP2. *For coliphage, the percent reduction
could not be calculated on most dry days due to low numbers. See Table S4 and
Table S5.

2.6.1. Wilcoxon-Mann-Whitney test
The Wilcoxon-Mann-Whitney test was used to compare microbial
concentrations (Marx et al., 2016).
2.6.2. Probability plots
Probability plots were developed in R Studio (version 3.6.2, www.rs
tudio.com) using the empirical cumulative distribution function.
2.7. Flow model
As-built construction plans were reviewed and coupled with field
survey to determine the elevation, slope, and dimensions of the inlet and
outlet structures (Fig. S1). According to the as-built plans for the 2011
improvements, the main inlet to the pond, KP1 consists of 32 LF of two
parallel, 24′′ diameter reinforced concrete pipes (RCP) originating at a
manhole and flowing to a concrete baffle structure and then to a scour
pool which connects to the dredged channel (Fig. S1b, Fig. S2a,
Fig. S2b). The lower east pipe is at 6.19 % slope while the west pipe is at
6.00 % slope. These steep slopes result in supercritical flow with depth
approaching normal depth. Therefore, Manning’s equations can be used
to estimate the flow in these pipes using a measured depth of flow in the
pipe. Based on a culvert analysis performed in HY-8, the culvert rating
curve shows a USGS flow type of 1-S2n with normal depth at the outlet
for flow rates 0 to 26 cfs with a 5-S2n USGS flow type for flows 27 cfs or
greater. Manning’s n coefficient was selected as 0.015 for rough con
crete pipes.
There are no detailed engineering plans for the baffle inlet structure.
Field survey and pictures were used to better understand and model the
structure (Fig. S2b). Upon exiting the 24” RCP, water flows over a sloped
section of concrete with a 10.4-inch drop to the top of the first row of
baffles which are also 12-inches high, with a total of 1.87-foot drop from
pipe invert to basin invert. There are two additional rows of baffles in
the structure. Water must pond 1.36 feet in the basin before spilling out
into the scour pool/channel.
The secondary inlet to the pond, KP2, is a 54′′ RCP that conveys
runoff from a manhole to the pond at a 0.2 % slope (Fig. S1b, Fig. S2c).
2018 field observations suggest that the KP2 pipe may have settled into a
steeper slope due to a crack in the upstream portion of the pipe
(Fig. S2d). However, when Manning’s equation was used with the
original slope the resulting water width was very close to field mea
surements. This pipe also leads to a scour pool along the channel.
The horseshoe channel is 30-feet wide with 4H:1 V side slopes
(Fig. S1a). The channel is typically inundated, having a 40-foot water
surface width, suggesting a depth of 1.25 feet. It follows the outer side of
the basin, creating a 960-foot-long flow path and has an elevated area in
the center of the pond. The horseshoe channel conveys runoff from KP1
and KP2 to the outlet, KP3.
The outlet structure is located above the channel, meaning the
channel must be full of flow to begin to allow any runoff out of the pond
through the outlet structure (Fig. S1c, Fig. S2e). Flow leaves the basin in
the 42′′ pipe. The 42” RCP is sloped upwards at 0.19 % for 177 LF until it
reaches a catch basin located on Kreiser Avenue where it is then
conveyed at a downward slope of 0.6 %. The water surface elevation of
the pond controls the amount of flow leaving the pond.
The system configuration and measured depth of flow in the inlet
pipes were used to determine a flow rate entering the pond at KP1 and
KP2. By measuring both the depth and top width, we could verify the asbuilt dimensions and determine the manning’s n that best fit the data.
These initial estimates were used to calibrate the HEC-RAS model for the
entire system in a one-dimensional steady flow analysis instead of iso
lated pipes. This approach was critical because the flow rate leaving the
pond is controlled by water surface elevation as the outlet pipe flows
slightly uphill and could have a tailwater effect on the inlet pipes. In all
cases, depth of flow at KP1 resulted in less than 26 cfs so Manning’s

INDICATOR MICROBE

Dry condition dates with
positive reduction

Wet condition dates with
positive reduction

E. COLI (CFU/100 ML)
TOTAL COLIFORM
BACTERIA (CFU/100
ML)
F + RNA COLIPHAGE
(PFU/100 ML)*
SOMATIC COLIPHAGE
(PFU/100 ML)*

2/5
1/5

0/5
1/5

2/6

1/6

0/6

2/6

Table 2
Estimated flow rates of influent and effluent water on sampling dates. The
Kreiser inlet, channel, and outlet configuration was modeled on HEC-RAS.
Measured flow depths at KP1, KP2, and KP3 were used to calibrate the model
and establish a rating curve for the flow at each location. *Flow at KP2 on
October 6, 2019 is out of the range of expected flow due to high water levels and
was excluded from statistical analyses.
DATE

LOCATION

WIDTH
(CM)

DEPTH
(CM)

HEC-RAS ESTIMATED
FLOWS (CFS)

April 6,
2019
October 6,
2019
6/17/2019
April 6,
2019
October 6,
2019*
6/17/2019
April 6,
2019
October 6,
2019
6/17/2019

KP1

21

1.5

0.12

KP1

24

3

0.44

KP1
KP2

21.5
80

2.5
12

0.21
23

KP2

131*

41*

22.2*

KP2
KP3

55
58

8
7

1
0.000011

KP3

80

18

0.21

KP3

38

3.5

0.00001

equation was valid for headwater conditions.
The depth of flow in the 54” pipe at KP2 on June 10, 2019 was too
high to make sense with the model. Field observations suggest that the
water level in Kreiser Pond was above the level of the inlet pipe at KP2
on this date, confounding flow measurements. This date was excluded
from flow model analysis. Evapotranspiration and infiltration reduce the
quantity of water in the pond resulting in little to no flow leaving the
basin through the outlet pipes in dry weather. The resulting flow rates at
each of the three collection points are listed in Table 2.
2.8. Sample preparation for metagenomic sequencing
Triplicate 100 mL water samples were filtered through a sterile 0.45

μm membrane filter (Hach). Filters were fragmented with sterilized

scissors. Genomic DNA was isolated from filters using the E. Z.N.A.®
Water DNA Kit (Omega Biosciences). 16sRNA gene hypervariable V4
regions were amplified using barcoded 515 F-806 R primers (Caporaso
et al., 2011) using DreamTaq DNA Polymerase Mastermix (Thermo
Fisher
Scientific).
515
F:
ACACTGACGACATGGTTCTA
CAGTGCCAGCMGCCGCGGTAA and 806 R: TACGGTAGCAGA
GACTTGGTCTGGACTACHVGGGTWTCTAAT (bold regions indicate
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Fig. 2. Characterization of Kreiser pond drainage area. (A) Percent imperviousness within the Kreiser pond drainage area. The black dot denotes the
location of Kreiser Pond. Percent imperviousness is summarized at a 30-m spatial resolution. (B) Histogram of percent imperviousness values extracted within
the Kreiser pond drainage area.

sequence adapters). PCR products were purified using the HighPrep™
PCR Clean-up System (MagBio Genomics) and quantified using the
Quant-iT™ dsDNA Assay Kit (Thermo Fisher Scientific).

outlet, and serves to reduce stormwater runoff peaks and relieve pres
sure in the receiving pipes. In 2011, construction plans were drafted to
modify the pond to further reduce stormwater runoff and prevent
downstream flooding (Fig. S1). Among other improvements, these plans
included adding stilling basins at the outlets of the inlet pipes, a
serpentine channel, and a staged discharge outlet structure (Fig. 1a,
Fig. S1). The drainage area for Kreiser Pond, estimated from surface
elevation data, is 51.42 ha (Fig. 1b). Average imperviousness within the
drainage area was 44.57 % (standard deviation = 18.69 %; Fig. 2),
indicating a predominate pattern of low-intensity development within
the drainage area consistent with residential land-use (Homer et al.,
2020).

2.9. Metagenomic analysis
Libraries were prepared from primary PCR products by performing
secondary PCR using dual indexed, illumina compatible primers tar
geting the Fluidigm CS1/CS2 universal oligomers at the ends of the
primary PCR products. Complete libraries were batch normalized using
a SequalPrep DNA Normalization plate (Invitrogen) and pooled. The
pool of completed libraries was QC’d and quantified and then sequenced
using an Illumina MiSeq v2 Standard flow cell and reagent cartridge.
Raw fastq files from the MiSeq instrument were demultiplexed and
processed using the QIIME 2 Core 2018.11 distribution (Bolyen et al.,
2019). In brief, DADA2 (Callahan et al., 2016) (dada2 denoise-paired)
was used to trim, quality filter and denoise sequences, remove
chimeric sequences and obtain ASVs. Taxonomic assignment of each
ASV was performed using a Naïve Bayes classifier (Werner et al., 2012)
pre-trained on the Greengenes 16 S rRNA gene reference database
(version 13_8). Unassigned sequences or sequences identified as plant
chloroplast or mitochondria were removed. Diversity analyses were
performed within QIIME 2. Samples were rarified to 37,502 reads for
calculating alpha diversity metrics, the highest number of read which
retained all samples. The entire sequence analysis workflow is available
on GitHub (https://github.com/bradleycp/Kreiser-Pond). Raw source
16 S rRNA gene sequences from this project are available in the
Sequence Read Archive database under BioProject PRJNA717986,
accession numbers SRR14086939 to SRR14087008.

3.2. Enumeration of fecal indicator bacteria and bacteriophage
Water sampling from Kreiser Pond was performed on fourteen
separate occasions from June 2018 to August 2019 (Table S1) at each of
three locations: two inlets (KP1 and KP2, Fig. 1b) and one outlet (KP3,
Fig. 1b) in dry and wet conditions. We defined a dry sample as a sample
collected within a 48-h period after 0.1 inches of rain or less. A wet
sample was defined as a sample collected within a 48-h period receiving
at least 0.2 inches of rain (Table S1). Mean concentrations of FIB
(Fig. S3; Tables S2 and S3) and coliphage (Fig. S4; Tables S4 and S5)
were calculated after quantification of triplicate samples. High levels of
FIB were observed in most samples, with E. coli concentration exceeding
the Michigan recreational-water quality standard in 29 of 30 samples
(Fig. S3). The relationship between amount of rainfall and concentration
of indicator microbes was investigated. Using the Wilcoxon-MannWhitney test, we determined that samples collected on dry days (n =
42) contained significantly fewer culturable indicator microbes than
samples collected on wet days (n = 42) across all sampling sites (p =
5.77e− 25 for E. coli, p = 4.47e− 17 for total coliform bacteria, p = 1.57e− 12
for male-specific coliphage, p = 7.90e− 12 for somatic coliphage) (Marx
et al., 2016). This stormwater-driven increase in indicator microbes has
been demonstrated for other green infrastructure installations (Krometis
et al., 2007; Liao et al., 2015; Marsalek and Rochfort, 2004; Wilkes et al.,
2009). The difference may be due to increased pollution runoff from the
urban environment, microbial resuspension due to turbulent flow, or a
combination of both factors (Ahmed et al., 2019; Falbo et al., 2013;
Struck et al., 2008). Total indicator microbe concentrations did not vary
significantly between 2018 and 2019 (p value > 0.05, data not shown).

2.10. Kirby-Bauer assay
Individual E. coli colonies were selected and grown overnight in TSB
medium at 37 ◦ C. A lawn of each E. coli isolate was grown on MuellerHinton agar in the presence of antibiotic discs (BD Diagnostic Sys
tems) containing 10 μg ampicillin, 30 μg tetracycline, 10 μg strepto
mycin, 5 μg ciprofloxacin, or 30 μg doxycycline for 16–18 h at 37 ◦ C.
Zone of inhibition diameters were measured and isolates were classified
as susceptible, intermediate, or resistant based on published values
(Clinical and Laboratory Standards Institute (CLSI), 2017).
3. Results and discussion

3.3. Microbial reduction efficiency of Kreiser Pond

3.1. Characterization of the Kreiser Pond drainage area

We calculated the mean microbe concentration of influent samples
(KP1 and KP2) and the mean of effluent samples (KP3) for each date and
calculated the removal efficiency for each date, microbe, and inlet
(Tables S2-S5). We used these calculations to determine the dates with
an overall positive reduction (positive reduction seen for both KP1 and

Kreiser Pond is owned and managed by the Kent County, Michigan
Drain Commission and is the first pond in a series of regional detention
ponds located within the Silver Creek-Hall Drain (Fig. 1c). Originally
designed as a typical detention pond, it has two inlet locations, one
5
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microbial contamination was carried downstream, out of Kreiser Pond.
We expected that this reduction in flow may lead to significant re
ductions in indicator microbe numbers between influent and effluent
water, even when the concentration of indicator microbes did not
significantly change. To analyze this, the depth and width of the water in
the pipes flowing into Kreiser Pond at KP1 and KP2 and flowing out of
Kreiser Pond at KP3 were measured for all sampling dates in June 2019.
This information was coupled with the 2011 as-built engineering design
plans (Fig. S1) for the modifications of Kreiser Pond and used to estimate
a flow rate at KP1, KP2, and KP3 for each sampling date (Table 2). Due to
pooling water in the inlet, we were unable to accurately measure the
flow rate for KP2 on 6/10/19 and this data point was excluded from
statistical analysis. We used the calculated estimated water flow rates at
KP1, KP2, and KP3 to transform our concentration data to a flow rate of
indicator microbes per second for 6/4/19 and 6/17/19. The geometric
means of microbial flow rates at KP1 and KP2 were added together to
calculate the total flow of microbes in Kreiser Pond per second. We then
calculated the reduction in microbes per second entering or leaving
Kreiser Pond in dry conditions (Table 3). When considering the differ
ential flow rates in influent and effluent water in Kreiser Pond, the
overall microbial reduction is significant in dry conditions. This result
suggests that detention ponds may significantly decrease the number of
microbes in effluent water even in the absence of a significant reduction
in microbial concentration. Preliminary work suggests that the flow rate
differential between inlets and the outlet of Kreiser Pond is not signifi
cant during wet conditions. We would expect reduction efficiency to
decrease or even disappear when the flow rates do not differ between the
inlets and the outlet.

Table 3
Indicator Microbe Reductions Under Dry Conditions. An indicator microbe
flow rate was calculated for each location and date analyzed from triplicate
samples. KP1 and KP2 measurements were added to calculate an influent
microbe flow rate. The geometric means of influent and effluent measurements
for the two dates analyzed were used to calculate the percent reduction in the
microbial flow rate from the influent to effluent sample sites.
INDICATOR MICROBE

Influent Mean

Effluent
Mean

Reduction
(%)

E. COLI (CFU/S) April 6,
2019
E. COLI (CFU/S) 6/17/2019

1,971,820.9 ±
330,886.2
235,067.9 ±
38,275.0
10,657,673.6 ±
4,855,256.9
6,269,701.6 ±
2,276,657.0
0.0 ± 0.0

6.0 ± 0.3

>99.9

2.2 ± 0.4

>99.9

1225.6 ±
29.4
23.2 ± 4.4

>99.9

0.0 ± 0.0

N/A

14.4 ± 28.0

0.003 ±
0.004
2.9 ± 0.4

>99.9

0.4 ± 0.1

>99.9

TOTAL COLIFORM (CFU/S)
April 6, 2019
TOTAL COLIFORM (CFU/S)
6/17/2019
F + RNA COLIPHAGE (PFU/
S) April 6, 2019
F + RNA COLIPHAGE (PFU/
S) 6/17/2019
SOMATIC COLIPHAGE
(PFU/S) April 6, 2019
SOMATIC COLIPHAGE
(PFU/S) 6/17/2019

147,457.0 ±
21,094.9
37,293.6 ± 10,177.0

>99.9

>99.9

KP2, Table 1). Our results suggest that in Kreiser Pond, there is no sig
nificant reduction in indicator microbe concentrations between the
influent water and the effluent water. Rather, the concentration of some
indicator microbes increased in effluent water compared to influent
water under wet conditions. This is most striking for FIB, as demon
strated by probability plots showing concentrations of E. coli and FIB
(Fig. S5) and F + RNA and somatic coliphage (Fig. S6) in samples from
an inlet or samples from the outlet of Kreiser Pond. Wet ponds, like
Kreiser Pond, have shown varied levels of removal of indicator mi
crobes, with some demonstrating poor performance and negative con
centration reductions (Krometis et al., 2007) and others demonstrating
significant removal (Gannon et al., 2005; Hathaway and Hunt, 2012).
For detention basins, an increase in effluent FIB has been documented
(Clary et al., 2008). Our observations of FIB concentrations in Kreiser
Pond supports the conclusion that detention ponds have low effective
ness in reducing the concentration of bacteria. Possible contributing
factors include increased temperature in pooled water, nutrient runoff
from residential lawn fertilizers, septic system leakage, and pet and
wildlife waste runoff. Increased levels of these contributors have been
correlated with increased concentrations of FIB (Serrano and DeLor
enzo, 2008; Wolfand et al., 2018). In Kreiser Pond we observed water
temperatures ranging from 14 to 20 ◦ C, which did not exceed the
Michigan water quality standards (Michigan Water Quality Assessment
Report). We observed many waterfowl resident in the pond and given
the predominantly residential land use (Fig. 2), we can speculate that
nutrient runoff from lawns may create an environment in Kreiser Pond
that is conducive to bacterial growth. Since sedimentation has been
suggested as a primary mechanism by which green infrastructure re
duces FIB concentrations (Karim et al., 2004), turbidity caused by
stormwater surges may be an important mechanism for increasing
effluent indicator microbe concentrations in wet conditions. Future di
rections involve measuring water turbidity, temperature, and nitrogen
levels during storm surges to determine if increases in these factors
correlate with the observed increase in FIB.

3.5. 16 S rRNA gene-based metagenomic analysis of Kreiser Pond
microbial communities
While analyzing indicator microbe numbers can inform us of the
capability of Kreiser Pond to sequester and remove these microbes, we
also wanted to investigate whether this detention pond influences the
composition of the resident bacterial community. Analysis of the mi
crobial communities associated with green infrastructure is necessary to
fully understand the extent to which human activity has influenced the
aquatic and soil environments of green infrastructure installations
(Hladilek et al., 2016; Joyner et al., 2019). To this end, we isolated
genomic DNA from influent (KP1 and KP2) and effluent (KP3) water on
each sampling day and performed metagenomic analyses. Taxonomic
analysis of the V4 16 S rRNA gene amplicon reads yielded a total of 4,
418,841 classifiable bacterial classes for samples from KP1, KP2, and
KP3 (Fig. 3a). The families Comamonadaceae (Hydrogenophaga was the
most common genus) and Flavobacteriaceae (Flavobacterium was the
most common genus) were the most common families and were present
in all Kreiser Pond samples. These families and genera are commonly
found in the soil and sludge of aquatic environments (Jooste and Hugo,
1999; Willems et al., 1989). The family Enterobacteriaceae, which con
tains species of interest to public health such as E. coli and
K. pneumoniae, is the third most abundant family observed in Kreiser
Pond samples. Interestingly, this group appears to be more enriched in
samples from KP1 than from KP2 or KP3, which may suggest that
potentially pathogenic bacterial contamination is entering Kreiser Pond
principally from KP1. This finding may aid in the determination of
contamination sources. Another notable family present in these waters is
the Rhodocyclaciae, which is known to be dominant in activated sludge
samples from wastewater treatment facilities and can enhance water
treatment with several functions, including nitrogen fixation and bio
logical phosphorus removal (Wang et al., 2020). The overall composi
tion of bacteria in Kreiser Pond is similar when comparing influent and
effluent water. However, an enrichment is seen in certain bacterial or
ders in KP3 compared to KP1 or KP2. For example, there is an enrich
ment of Verrucomicrobiae in KP3. Verrucomicrobiae are ubiquitous in soil
and may demonstrate effluent bacteria emerging from the Kreiser Pond

3.4. Flow modeling for microbial reduction calculations
While no significant reduction in the concentration of indicator mi
crobes was observed for Kreiser Pond, on many of the sampling dates the
water level in the pond was low and very little effluent water was
leaving the pond at KP3 (Fig. S2f, Fig. S2g). Therefore, while water
containing indicator microbes was flowing into Kreiser Pond, negligible
6

L. Vander Meer et al.

Journal of Environmental Management 298 (2021) 113503

Fig. 3. 16S rRNA gene-based metagenomic Analysis of Kreiser pond Samples. Genomic DNA was isolated from Kreiser pond water samples and was used for
metagenomic analysis of the V3 16s RNA genomic region. (A) The relative abundance of bacteria at the family level in influent and effluent water samples
collected at Kreiser pond. Top 20 families are displayed. A Taxonomic bar plot of the bacteria present in Kreiser pond suggests that sampling environment (dry/
wet) influences the microbial community to a greater extent than sampling location. (B) Shannon Diversity and Faith’s Phylogenetic Diversity indices were
calculated for Kreiser Pond water samples. Center line represents the median and box edges show the first and third quartiles. Whiskers extend to 1.5x IQR from
the quartiles. Kruskal-Wallis test, different letters indicate significant difference (p < 0.05). (C) Principle coordinate analysis generated using Bray-Curtis
dissimilarity distances. Samples are color coded based on location within Kreiser Pond. Shapes differentiate wet and dry samples. (For interpretation of the ref
erences to color in this figure legend, the reader is referred to the Web version of this article.)
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Table 4
Antibiotic resistance in culturable E. coli from Kreiser Pond. E. coli colonies isolated from 2019 water samples were cultured and tested for antibiotic resistance
using the Kirby-Bauer method. More than 86 % of cultured E. coli were resistant to ampicillin. Resistance to tetracycline, streptomycin, ciprofloxacin, and doxycycline
was less prevalent but still present.
Resistance profile
RESISTANT
INTERMEDIATE
SUSCEPTIBLE

ANTIBIOTIC
Ampicillin

Tetracycline

Streptomycin

Ciprofloxacin

Doxycycline

86.05 %
4.65 %
9.30 %

11.63 %
44.19 %
44.19 %

4.65 %
25.58 %
69.77 %

2.33 %
9.30 %
88.37 %

4.65 %
4.65 %
90.70 %

environment itself rather than from influent water (Bergmann et al.,
2011). Precipitation prior to sample collection had a strong effect on
bacterial diversity at all three collection sites within Kreiser Pond.
Whether the sample was grabbed in wet or dry conditions influenced the
microbial composition to a greater extent than sampling location
(Fig. 3b). Comparing within wet or dry sample types, there was no
significant difference in the Shannon diversity index across sample lo
cations. Faith’s phylogenetic diversity also demonstrated similarity
among sampling locations when similar sample types are compared,
suggesting that Kreiser Pond does not significantly influence the
composition of the bacterial community present (Fig. 3b). Wet samples,
on the other hand, have increased diversity compared to dry samples
across all locations, the increase in bacterial diversity seen in wet sam
ples could be the result of unique bacterial populations entering Kreiser
Pond during precipitation events (Fig. 3b). Analysis of dissimilarity
using a Bray-Curtis plot demonstrates that some groups do cluster by
sampling site (Fig. 3c). This suggests that there are some unique bac
terial phylogenies that differentiate the sampling sites.

a significant increase in coliform bacteria in Kreiser Pond, may
contribute to increased prevalence of antibiotic resistance. The presence
of environmental multi-drug resistant E. coli can have negative effects on
the health of nearby human populations (Zhang et al., 2020). It would be
beneficial to better understand the impact of the presence of
multidrug-resistant E. coli on the health of the human population that
interacts with surface waters in the Plaster Creek watershed.
4. Conclusions
• Runoff from residential land that forms the drainage basin of Kreiser
Pond contains high levels of indicator microbes. The sources of this
contamination are currently unknown, although one of the inlet sites
consistently contributed higher concentrations of microbes than the
other.
• The ability of detention ponds to affect indicator microbe levels is
variable. Kreiser Pond detention basin does not significantly impact
the concentration of indicator microbes when comparing influent
water to effluent water.
• Kreiser Pond decreases the flow of water from influent to effluent
locations. Combining flow rate data with measured indicator
microbe concentrations demonstrated a significant reduction in
E. coli, FIB, F + RNA coliphage, and somatic coliphage in dry con
ditions. We advise that both the flow rate and microbe concentration
should be measured to have an accurate assessment of the perfor
mance of a detention pond with respect to indicator microbe
removal.
• Samples collected in wet conditions have a different microbial profile
and increased microbial diversity compared to samples collected
under dry conditions. Sampling conditions have a greater influence
on the microbial populations than sampling location based on 16 S
rRNA gene-based metagenomic analysis.
• Residential runoff flowing into Kreiser Pond contains E. coli that are
resistant to several common antibiotics. This degree of resistance
may pose a serious public health threat to surrounding communities.
Sources of antibiotic resistant E. coli should be elucidated.

3.6. Antibiotic resistance in the E. Coli population of Kreiser Pond
Widespread antibiotic resistance has been noted in bacterial com
munities of urban waterways (Garner et al., 2017; Baral et al., 2018a,
2018b). We sought to determine if the bacteria present in influent and
effluent water from Kreiser Pond contained antibiotic resistant E. coli.
We focused on E. coli because of its relevance for public health (Marathe
et al., 2013; Park et al., 2018). We cultured isolated E. coli and used a
Kirby Bauer assay to analyze susceptibility to common broad-spectrum
antibiotics (Table 4). We found widespread resistance to ampicillin
and at least some resistance to each of the antibiotics analyzed. 38 % of
isolated E. coli showed resistance to multiple antibiotics and another 38
% that were resistant to one antibiotic showed an intermediate resis
tance phenotype in the presence of another. The occurrence of multidrug
resistant E. coli in retention ponds increases the risk of infection for both
animals and humans that contact contaminated surface water and may
also contribute to the spread of multidrug resistance in the environ
mental microbial community (Barguigua et al., 2019; Leonard et al.,
2018; Liu et al., 2013). While the number of isolates analyzed in this
study is limited (n = 7 from each inlet and outlet), the high degree of
antibiotic resistance observed indicates extensive prevalence of multi
drug resistant pathogenic bacteria in this urban watershed. Further av
enues for investigation include a genetic analysis of ARGs present in
coliform isolates from Kreiser Pond. Genetic analysis has been used to
elucidate the genetic basis for antibiotic resistance in surface water
microbes as well as the likelihood of microbial transfer of ARGs within
the microbial community (Baral et al., 2018a, 2018b, 2018b; Liu et al.,
2013; Park et al., 2018). A more thorough analysis is needed in order to
understand if antibiotic-resistant bacteria are entering Kreiser Pond via
human or animal fecal contamination, urban water runoff, stormwater
surges or other unidentified sources, and whether ARGs are being
transferred among the microbial populations of Kreiser Pond. Increases
in bacterial load seen during wet weather conditions have been corre
lated with increases in the prevalence of ARGs present in the bacterial
population (Baral et al., 2018a, 2018b, 2018b; Garner et al., 2017),
suggesting that wet weather conditions, in which we have demonstrated

Credit author statement
Luke Vander Meer: Investigation, Validation, Data Curation
Katherine DeHeer: Investigation, Validation, Data Curation Joseph
Mellinger: Investigation, Validation, Data Curation Sarah Gibes: Inves
tigation, Validation, Data Curation Bradley Paasch: Methodology, Soft
ware, Formal Analysis, Visualization, Writing – Review & Editing Julie
Wildschut: Methodology, Software, Formal Analysis, Visualization,
Writing – Review & Editing William L. Miller: Software, Formal Anal
ysis, Visualization, Writing – Review & Editing Sheng-Yang He: Re
sources, Supervision Kelly N. DuBois: Supervision, Formal Analysis,
Data Curation, Writing – Original Draft, Writing – Review & Editing,
Project Administration.
Declaration of competing interest
The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
8

L. Vander Meer et al.

Journal of Environmental Management 298 (2021) 113503

the work reported in this paper.

Davis, A.P., Hunt, W.F., Traver, R.G., Clar, M., 2009. Bioretention technology: overview
of current practice and future needs. J. Environ. Eng. 135, 109–117. https://doi.org/
10.1061/(ASCE)0733-9372(2009)135:3(109).
Deeb, M., Groffman, P.M., Joyner, J.L., Lozefski, G., Paltseva, A., Lin, B., Mania, K.,
Cao, D.L., McLaughlin, J., Muth, T., Prithiviraj, B., Kerwin, J., Cheng, Z., 2018. Soil
and microbial properties of green infrastructure stormwater management systems.
Ecol. Eng. 125, 68–75. https://doi.org/10.1016/j.ecoleng.2018.10.017.
Dias, E., Ebdon, J., Taylor, H., 2018. The application of bacteriophages as novel
indicators of viral pathogens in wastewater treatment systems. Water Res. 129,
172–179. https://doi.org/10.1016/j.watres.2017.11.022.
Falbo, K., Schneider, R.L., Buckley, D.H., Walter, M.T., Bergholz, P.W., Buchanan, B.P.,
2013. Roadside ditches as conduits of fecal indicator organisms and sediment:
implications for water quality management. J. Environ. Manag. 128, 1050–1059.
https://doi.org/10.1016/j.jenvman.2013.05.021.
Gannon, V.P.J., Duke, G.D., Thomas, J.E., VanLeeuwen, J., Byrne, J., Johnson, D.,
Kienzle, S.W., Little, J., Graham, T., Selinger, B., 2005. Use of in-stream reservoirs to
reduce bacterial contamination of rural watersheds. Sci. Total Environ. 348, 19–31.
https://doi.org/10.1016/j.scitotenv.2004.12.076.
Garner, E., Benitez, R., von Wagoner, E., Sawyer, R., Schaberg, E., Hession, W.C.,
Krometis, L.A.H., Badgley, B.D., Pruden, A., 2017. Stormwater loadings of antibiotic
resistance genes in an urban stream. Water Res. 123, 144–152. https://doi.org/
10.1016/j.watres.2017.06.046.
Hathaway, J.M., Hunt, W.F., 2012. Indicator bacteria performance of storm water
control measures in Wilmington, North Carolina. J. Irrigat. Drain. Eng. 138,
185–197. https://doi.org/10.1061/(ASCE)IR.1943-4774.0000378.
Hijmans, R.J., 2020. Package “Raster” Type Package Title Geographic Data Analysis and
Modeling.
Hladilek, M.D., Gaines, K.F., Novak, J.M., Collard, D.A., Johnson, D.B., Canam, T., 2016.
Microbial community structure of a freshwater system receiving wastewater effluent.
Environ. Monit. Assess. 188, 626. https://doi.org/10.1007/s10661-016-5630-7.
Homer, C., Dewitz, J., Jin, S., Xian, G., Costello, C., Danielson, P., Gass, L., Funk, M.,
Wickham, J., Stehman, S., Auch, R., Riitters, K., 2020. Conterminous United States
land cover change patterns 2001–2016 from the 2016 national land cover database.
ISPRS J. Photogrammetry Remote Sens. 162, 184–199. https://doi.org/10.1016/j.
isprsjprs.2020.02.019.
Jamieson, R., Joy, D.M., Lee, H., Kostaschuk, R., Gordon, R., 2005. Transport and
deposition of sediment-associated Escherichia coli in natural streams. Water Res. 39,
2665–2675. https://doi.org/10.1016/j.watres.2005.04.040.
Jooste, P.J., Hugo, C.J., 1999. The taxonomy, ecology and cultivation of bacterial genera
belonging to the family Flavobacteriaceae. Int. J. Food Microbiol.
Joyner, J.L., Kerwin, J., Deeb, M., Lozefski, G., Prithiviraj, B., Paltseva, A.,
McLaughlin, J., Groffman, P., Cheng, Z., Muth, T.R., 2019. Green infrastructure
design influences communities of urban soil bacteria. Front. Microbiol. 10 https://
doi.org/10.3389/fmicb.2019.00982.
Kadlec, R.H., Knight, R.L., 1996. Treatment Wetlands. Lewis Publishers.
Karim, M.R., Manshadi, F.D., Karpiscak, M.M., Gerba, C.P., 2004. The persistence and
removal of enteric pathogens in constructed wetlands. Water Res. 38, 1831–1837.
https://doi.org/10.1016/j.watres.2003.12.029.
Karpiscak, M.M., Gerba, C.P., Watt, P.M., Foster, K.E., Falabi, J.A., 1996. Multi-species
plant systems for wastewater quality improvements and habitat enhancement. Water
Sci. Technol. 231–236. https://doi.org/10.1016/0273-1223(96)00424-6.
Krometis, L.-A.H., Characklis, G.W., Simmons, O.D., Dilts, M.J., Likirdopulos, C.A.,
Sobsey, M.D., 2007. Intra-storm variability in microbial partitioning and microbial
loading rates. Water Res. 41, 506–516. https://doi.org/10.1016/j.
watres.2006.09.029.
Leonard, A.F.C., Zhang, L., Balfour, A.J., Garside, R., Hawkey, P.M., Murray, A.K.,
Ukoumunne, O.C., Gaze, W.H., 2018. Exposure to and colonisation by antibioticresistant E. coli in UK coastal water users: environmental surveillance, exposure
assessment, and epidemiological study (Beach Bum Survey). Environ. Int. 114,
326–333. https://doi.org/10.1016/j.envint.2017.11.003.
Liao, H., Krometis, L.A.H., Cully Hession, W., Benitez, R., Sawyer, R., Schaberg, E., von
Wagoner, E., Badgley, B.D., 2015. Storm loads of culturable and molecular fecal
indicators in an inland urban stream. Sci. Total Environ. 530–531, 347–356. https://
doi.org/10.1016/j.scitotenv.2015.05.098.
Liu, B.T., Yang, Q.E., Li, L., Sun, J., Liao, X.P., Fang, L.X., Yang, S.S., Deng, H., Liu, Y.H.,
2013. Dissemination and characterization of plasmids carrying oqxAB-blaCTX-M
genes in Escherichia coli isolates from food-producing animals. PloS One 8. https://
doi.org/10.1371/journal.pone.0073947.
Liu, X., Xiao, P., Guo, Y., Liu, L., Yang, J., 2019. The impacts of different high-throughput
profiling approaches on the understanding of bacterial antibiotic resistance genes in
a freshwater reservoir. Sci. Total Environ. 693, 133585. https://doi.org/10.1016/j.
scitotenv.2019.133585.
Marathe, N.P., Regina, V.R., Walujkar, S.A., Charan, S.S., Moore, E.R.B., Larsson, D.G.J.,
Shouche, Y.S., 2013. A treatment plant receiving waste water from multiple bulk
drug manufacturers is a reservoir for highly multi-drug resistant integron-bearing
bacteria. PloS One 8. https://doi.org/10.1371/journal.pone.0077310.
Marsalek, J., Rochfort, Q., 2004. Urban wet-weather flows: sources OF fecal
contamination impacting ON recreational waters and threatening drinking-water
sources. J. Toxicol. Environ. Health Part A 67, 1765–1777. https://doi.org/10.1080/
15287390490492430.
Marx, A., Backes, C., Meese, E., Lenhof, H.P., Keller, A., 2016. EDISON-WMW: exact
dynamic programing solution of the Wilcoxon-mann-Whitney test. Dev. Reprod.
Biol. 14, 55–61. https://doi.org/10.1016/j.gpb.2015.11.004.
Michigan Water Quality Assessment Report | Water Quality Assessment and TMDL
Information | US EPA [WWW Document], n.d. . Michigan Water Qual. Assess. Rep.

Acknowledgements
The authors would like to thank David P. Warners for manuscript
review and the Kent County Drain Commission for providing access to
Kreiser Pond.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jenvman.2021.113503.
Funding
Funding for student research assistance was provided by the Michi
gan Dept of Environment, Great Lakes, and Energy (EGLE) and the
Calvin University Science Division.
References
Ahmed, W., Hamilton, K., Toze, S., Cook, S., Page, D., 2019. A review on microbial
contaminants in stormwater runoff and outfalls: potential health risks and mitigation
strategies. Sci. Total Environ. https://doi.org/10.1016/j.scitotenv.2019.07.055.
Baral, D., Dvorak, B.I., Admiraal, D., Jia, S., Zhang, C., Li, X., 2018a. Tracking the sources
of antibiotic resistance genes in an urban stream during wet weather using shotgun
metagenomic analyses. Environ. Sci. Technol. 52, 9033–9044. https://doi.org/
10.1021/acs.est.8b01219.
Baral, D., Speicher, A., Dvorak, B., Admiraal, D., Li, X., 2018b. Quantifying the relative
contributions of environmental sources to the microbial community in an urban
stream under dry and wet weather conditions. Appl. Environ. Microbiol. 84 https://
doi.org/10.1128/AEM.00896-18.
Barguigua, A., Rguibi Idrissi, H., nayme, K., Timinouni, M., 2019. Virulence and
antibiotic resistance patterns in E. coli, Morocco. EcoHealth 16, 570–575. https://
doi.org/10.1007/s10393-019-01404-8.
Bergmann, G.T., Bates, S.T., Eilers, K.G., Lauber, C.L., Caporaso, J.G., Walters, W.A.,
Knight, R., Fierer, N., 2011. The under-recognized dominance of Verrucomicrobia in
soil bacterial communities. Soil Biol. Biochem. 43, 1450–1455. https://doi.org/
10.1016/j.soilbio.2011.03.012.
Bolyen, E., Rideout, J.R., Dillon, M.R., Bokulich, N.A., Abnet, C.C., Al-Ghalith, G.A.,
Alexander, H., Alm, E.J., Arumugam, M., Asnicar, F., Bai, Y., Bisanz, J.E.,
Bittinger, K., Brejnrod, A., Brislawn, C.J., Brown, C.T., Callahan, B.J., CaraballoRodríguez, A.M., Chase, J., Cope, E.K., Da Silva, R., Diener, C., Dorrestein, P.C.,
Douglas, G.M., Durall, D.M., Duvallet, C., Edwardson, C.F., Ernst, M., Estaki, M.,
Fouquier, J., Gauglitz, J.M., Gibbons, S.M., Gibson, D.L., Gonzalez, A., Gorlick, K.,
Guo, J., Hillmann, B., Holmes, S., Holste, H., Huttenhower, C., Huttley, G.A.,
Janssen, S., Jarmusch, A.K., Jiang, L., Kaehler, B.D., Kang, K. Bin, Keefe, C.R.,
Keim, P., Kelley, S.T., Knights, D., Koester, I., Kosciolek, T., Kreps, J., Langille, M.G.
I., Lee, J., Ley, R., Liu, Y.X., Loftfield, E., Lozupone, C., Maher, M., Marotz, C.,
Martin, B.D., McDonald, D., McIver, L.J., Melnik, A.V., Metcalf, J.L., Morgan, S.C.,
Morton, J.T., Naimey, A.T., Navas-Molina, J.A., Nothias, L.F., Orchanian, S.B.,
Pearson, T., Peoples, S.L., Petras, D., Preuss, M.L., Pruesse, E., Rasmussen, L.B.,
Rivers, A., Robeson, M.S., Rosenthal, P., Segata, N., Shaffer, M., Shiffer, A., Sinha, R.,
Song, S.J., Spear, J.R., Swafford, A.D., Thompson, L.R., Torres, P.J., Trinh, P.,
Tripathi, A., Turnbaugh, P.J., Ul-Hasan, S., van der Hooft, J.J.J., Vargas, F., VázquezBaeza, Y., Vogtmann, E., von Hippel, M., Walters, W., Wan, Y., Wang, M., Warren, J.,
Weber, K.C., Williamson, C.H.D., Willis, A.D., Xu, Z.Z., Zaneveld, J.R., Zhang, Y.,
Zhu, Q., Knight, R., Caporaso, J.G., 2019. Reproducible, interactive, scalable and
extensible microbiome data science using QIIME 2. Nat. Biotechnol. https://doi.org/
10.1038/s41587-019-0209-9.
Brabec, E., Schulte, S., Richards, P.L., 2002. Impervious surfaces and water quality: a
review of current literature and its implications for watershed planning. J. Plann. Lit.
16, 499–514. https://doi.org/10.1177/088541202400903563.
Callahan, B.J., McMurdie, P.J., Rosen, M.J., Han, A.W., Johnson, A.J.A., Holmes, S.P.,
2016. DADA2: high-resolution sample inference from Illumina amplicon data. Nat.
Methods 13, 581–583. https://doi.org/10.1038/nmeth.3869.
Caporaso, J.G., Lauber, C.L., Walters, W.A., Berg-Lyons, D., Lozupone, C.A.,
Turnbaugh, P.J., Fierer, N., Knight, R., 2011. Global patterns of 16S rRNA diversity
at a depth of millions of sequences per sample. Proc. Natl. Acad. Sci. U. S. A 108,
4516–4522. https://doi.org/10.1073/pnas.1000080107.
Clary, J., Jones, J., Urbonas, B., Quigley, M., Strecker, E., Wagner, T., 2008. Can
stormwater BMPs remove bacteria? New findings from the international stormwater
BMP database. Stormwater Mag. May 1–14.
Clinical and Laboratory Standards Institute (CLSI), 2017. M100-S27, Performance
Standards for Antimicrobial Susceptibility Testing.
Curriero, F.C., Patz, J.A., Rose, J.B., Lele, S., 2001. The association between extreme
precipitation and waterborne disease outbreaks in the United States, 1948-1994.
Am. J. Publ. Health 91, 1194–1199. https://doi.org/10.2105/AJPH.91.8.1194.

9

L. Vander Meer et al.

Journal of Environmental Management 298 (2021) 113503
Us Epa, O., n.d. Clean Water Act Section 303(d): Impaired Waters and Total Maximum
Daily Loads (TMDLs).
Wang, Z., Li, W., Li, H., Zheng, W., Guo, F., 2020. Phylogenomics of Rhodocyclales and
its distribution in wastewater treatment systems. Sci. Rep. 10 https://doi.org/
10.1038/s41598-020-60723-x.
Water Quality Assessment and TMDL Information | Water Quality Assessment and TMDL
Information | US EPA [WWW Document], 2017. URL. https://ofmpub.epa.go
v/waters10/attains_index.home. accessed 1.10.20.
Werner, J.J., Koren, O., Hugenholtz, P., Desantis, T.Z., Walters, W.A., Caporaso, J.G.,
Angenent, L.T., Knight, R., Ley, R.E., 2012. Impact of training sets on classification of
high-throughput bacterial 16s rRNA gene surveys. ISME J. https://doi.org/10.1038/
ismej.2011.82.
Wilkes, G., Edge, T., Gannon, V., Jokinen, C., Lyautey, E., Medeiros, D., Neumann, N.,
Ruecker, N., Topp, E., Lapen, D.R., 2009. Seasonal relationships among indicator
bacteria, pathogenic bacteria, Cryptosporidium oocysts, Giardia cysts, and
hydrological indices for surface waters within an agricultural landscape. https://doi.
org/10.1016/j.watres.2009.01.033.
Willems, A., Busse, J., Goor, M., Pot, B., Falsen, E., Jantzen, E., Hoste, B., Gillis, M.,
Kersters, K., Auling, G., De Ley, J., 1989. Hydrogenophaga, a new genus of
hydrogen-oxidizing bacteria. Int. J. Syst. Bacteriol.
Wolfand, J.M., Bell, C.D., Boehm, A.B., Hogue, T.S., Luthy, R.G., 2018. Multiple
pathways to bacterial load reduction by stormwater best management practices:
trade-offs in performance, volume, and treated area. Environ. Sci. Technol. 52,
6370–6379. https://doi.org/10.1021/acs.est.8b00408.
Zhang, S., Abbas, M., Rehman, M.U., Huang, Y., Zhou, R., Gong, S., Yang, H., Chen, S.,
Wang, M., Cheng, A., 2020. Dissemination of antibiotic resistance genes (ARGs) via
integrons in Escherichia coli: a risk to human health. https://doi.org/10.1016/j.
envpol.2020.115260.

URL https://ofmpub.epa.gov/waters10/attains_state.control?p_state=MI#ca
uses_303d (accessed 1.10.20).
URL My Waterway [WWW Document]. https://watersgeo.epa.gov/mywaterway/rlist.
html. accessed 1.10.20.
URL NHD Watershed Tool [WWW Document]. https://www.usgs.gov/core-science-sys
tems/ngp/national-hydrography/nhd-watershed-tool. accessed 6.10.21.
Park, J.H., Kim, Y.J., Binn-Kim, Seo, K.H., 2018. Spread of multidrug-resistant
Escherichia coli harboring integron via swine farm waste water treatment plant.
Ecotoxicol. Environ. Saf. 149, 36–42. https://doi.org/10.1016/j.
ecoenv.2017.10.071.
Resources Division, W., 2019. Michigan’s E. coli Water Quality Standard.
Schnabel, W.E., Wilson, T., Edwards, R., Stahnke, G., Maselko, M., Maddux, D.C.,
Duddleston, K.N., 2010. Variability, seasonality, and persistence of fecal coliform
bacteria in a cold-region, urban stream. J. Cold Reg. Eng. 24, 54–75. https://doi.org/
10.1061/(ASCE)CR.1943-5495.0000013.
Serrano, L., DeLorenzo, M.E., 2008. Water quality and restoration in a coastal
subdivision stormwater pond. J. Environ. Manag. 88, 43–52. https://doi.org/
10.1016/j.jenvman.2007.01.025.
Struck, S.D., Selvakumar, A., Borst, M., 2008. Prediction of effluent quality from
retention ponds and constructed wetlands for managing bacterial stressors in stormwater runoff. J. Irrigat. Drain. Eng. 134, 567–578. https://doi.org/10.1061/(ASCE)
0733-9437(2008)134:5(567).
Struck, S.D., Selvakumar, A., Borst, M., 2007. Performance of retention ponds and
constructed wetlands for attenuating bacterial stressors. In: In: Restoring Our
Natural Habitat - Proceedings of the 2007 World Environmental and Water
Resources Congress. https://doi.org/10.1061/40927(243)8.
Total Maximum Daily Load for Escherichia Coli in Plaster Creek, 2002.

10

